Abstract Cobalt molybdenum nitride (Co 3 Mo 3 N) catalyst was synthesised through ammonolysis of the corresponding precursors by flowing pure ammonia gas. The catalyst was characterised by X-ray diffraction (XRD) and scanning electron microscopy (SEM). Ammonia was successfully synthesised from wet hydrogen and dry nitrogen at atmospheric pressure using Co 3 Mo 3 N-Ag composite as cathode, Ag-Pd alloy as anode and LiAlO 2 -(Li/Na/K) 2 CO 3 composite as an electrolyte. Ammonia formation was investigated at 400, 425 and 450°C, and the maximum observed ammonia formation rate was 3.27 × 10 −10 mol s −1 cm −2 at 450°C when applied at 0.8 V. The catalytic activity of Co 3 Mo 3 N for electrochemical ammonia synthesis is lower than that of Pd. The successful synthesis of ammonia demonstrates that LiAlO 2 -(Li/Na/ K) 2 CO 3 composite exhibits protonic or/and oxygen ion conduction.
Introduction
Ammonia (NH 3 ) is the second most produced chemical in the world. It is an important intermediate in the manufacture of urea, nitric acid, ammonium nitrate, ammonium sulphate and ammonium phosphate [1] . Currently, the Haber-Bosch process is the dominant route for producing ammonia at large scale. By this process, over 150 million metric tons of ammonia is produced per annum, of which,~80 % is consumed in the fertiliser industry [1, 2] . However, Haber-Bosch process suffers from the following drawbacks: high working pressure, high energy consumption and low conversion (10-15 %) [1] . The ammonia industry consumes more than 1 % of energy generated in the world and releases a large amount of CO 2 due to the use of natural gas or coal in this process [3] . The electrochemical process is regarded as one of the most promising alternatives to the conventional ammonia synthesis process [4, 5] . To synthesise ammonia from renewable electricity can significantly reduce CO 2 emission and alleviate the pressure on renewable electricity storage as well [6] . It has been reported that ammonia was produced in liquid electrolyte through reduction of N 2 [7, 8] . Ammonia synthesis based on low temperature proton-conducting electrolyte has also been reported. In 1998, Marnellos and Stoukides [9] reported electrochemical synthesis of ammonia from H 2 and N 2 under atmospheric pressure and at 570°C. In that study, a proton conductor (SrCe 0.95 Yb 0.05 O 3-δ , SCYb) was used as a solid electrolyte, and a porous Pd was used as both cathode and anode. It was found that~78 % of the protons (H + ) transported through the electrolyte to the cathode was converted into ammonia. Since then, ammonia has been synthesised electrochemically using different proton-conducting-based electrolytes [3, [10] [11] [12] [13] [14] [15] [16] [17] .
Transition metal nitrides (TMNs) have been investigated for a wide range of applications due to their magnetic, optical, magnetic and catalytic properties [18] [19] [20] . These materials, such as chromium nitride (CrN) and molybdenum nitride (Mo 2 N), have been proposed as potential electrocatalysts for application in proton exchange membrane fuel cells (PEMFCs) to replace noble metal-based catalysts, such as the Pt group, that involve high cost and limited supply [21, 22] . In addition, bimetallic Mo-containing nitrides (e.g. Co 3 Mo 3 N) exhibit excellent catalytic properties in conventional ammonia synthesis from H 2 and N 2 [23] [24] [25] [26] . This is due to the high ability of molybdenum to dissociate the dinitrogen molecule (N 2 ) [20, 27] . It was found that 2 mol% Cs-added Co 3 Mo 3 N gave the maximum activity after the reactant gas treatment, and this catalyst gave higher productivity of ammonia than a double-promoted iron catalyst [24, 27] . Therefore, Co 3 Mo 3 N is potentially a good catalyst for electrochemical synthesis of ammonia. To the best of our knowledge, there is no report on the electrochemical synthesis of ammonia based on Co 3 Mo 3 N catalyst. In this paper, for the first time, we report the electrochemical synthesis of ammonia from H 2 and N 2 using Co 3 Mo 3 N catalyst in a solid-state electrolytic cell.
Experimental

Materials Synthesis
Co 3 Mo 3 N was synthesised by nitriding the corresponding precursors according to the procedure reported by Mckay et al. [25] . The precursor was obtained by mixing an aqueous solution of cobalt nitrate (Co(NO 3 ) 2 ·6H 2 O, Sigma-Aldrich, 98 + %) with an aqueous solution of ammonium heptamolybdate ((NH 4 ) 6 Mo 7 O 24 ·H 2 O, Alfa Aeser, 99 %) with molar ratio of Co/Mo as 1:1. The mixed solution was evaporated on a hot plate under magnetic agitation, and a purple solid product was obtained. The cobalt molybdenum nitride catalyst was synthesised via a temperature-programmed reduction (TPR) of the corresponding precursor by flowing pure ammonia gas (BOC) in a heated quartz tube. Approximately 2 g of the desired material was put in a ceramic boat and placed in the heating zone of a tube furnace which was programmed to heat in three steps as follows: the temperature was increased from room temperature to 357°C at a rate of 5.6°C min , then to 785°C at 2.1°C min −1 and then held for 5 h at this temperature [28] . The furnace was then cooled to room temperature at a rate of 5°C min −1 in flowing ammonia. Since the nitrided material is air-sensitive, it was passivated for 1 h in flowing N 2 gas to avoid oxidation. Finally, an ultrafine black powder of Co 3 Mo 3 N was obtained.
Pellet Preparation for Conductivity Measurement
Composite electrolyte consisting of LiAlO 2 -(Li/Na/K) 2 CO 3 (50:50 wt%) was prepared as described elsewhere [29] . The AC conductivity measurements were carried out using a computer-controlled Solartron Analytical 1470E with AC amplitude of 100 mV over the frequency range 1 MHz-0.01 Hz and 10 points per decade. The LiAlO 2 -(Li/Na/ K) 2 CO 3 composite powder was uniaxially dry-pressed under 295 MPa into pellets with diameter of 13 mm and thickness of 2 mm. The green pellets were then sintered in air at 600°C for 2 h at a heating/cooling rate of 2°C/min. Ag paste was brushed on both sides of the sintered pellets and fired at 600°C for 30 min before the conductivity measurements. . Ag-Pd (Johnson Matthey, 20 wt% Pd) paste was painted on the other side as the anode. Ag wires were used as output terminals for both electrodes.
Ammonia Synthesis
The fabricated single cell was placed in a self-designed double-chamber reactor. The electrolytic cell for ammonia was constructed as follows: Ag-Pd|LiAlO 2 -carbonate|Co 3 Mo 3 NAg. The cathode chamber was fed with oxygen-free N 2 (BOC Gas), whereas the anode chamber was fed with wet, highly pure H 2 (BOC, 99.995 %). The voltage was applied by a Solartron 1287A electrochemical interface controlled by software CorrWare/CorrView for automatic data collection. Constant voltage was applied, and the ammonia synthesised at the cathode chamber was absorbed by 25 ml of dilute sulphuric acid (0.001 M) for 2 h. The concentration of NH 4 + in the absorbed solution was analysed using Nessler's reagent (Aldrich). The produced ammonia was detected using an ammonia meter (Palintest 1000), and the rate of ammonia formation was calculated using Eq. 1:
] is the measured NH 4 + ion concentration, V is the volume of the diluted H 2 SO 4 used for ammonia collection, t is the absorption time and A is the effective area of the catalyst [13, 29] . The average Faraday efficiency was calculated through the total charge in column recorded by the Solartron 1287A during the measurements and real collected ammonia during that period of time [16] .
AC impedance spectroscopy (IS) measurements were performed using a Schlumberger Solarton SI 1250 analyser coupled with a SI 1287 Electrochemical Interface controlled by Z-plot/Z-view software. The AC impedance spectra were recorded over the frequency range 65 to 0.01 Hz. Figure 1 shows the XRD pattern for the Co 3 Mo 3 N catalyst. A single phase of Co 3 Mo 3 N was obtained and was indexed as the cubic cell of Co 3 Mo 3 N (ICSD code 162273). The small weak peak at~36°belongs to the strongest peak of Mo 2 N (PDF no. 01-075-1150). The small peak at~68°does not belong to known pure element or compounds composed of element Co, Mo, N and O. The crystallite sizes of the nitride catalyst were in the range of 29 nm, as estimated from Sherrer's formula [30] .
Results and Discussion
XRD Analysis
where D is average particle size, k is a dimensionless shape factor (we used k = 0.9), λ is the X-ray wavelength, β is the line broadening at half the maximum intensity (FWHM) after subtracting the instrumental line broadening in radians and θ is the Bragg angle. The XRD pattern of LiAlO 2 -(Li,Na,K) 2 CO 3 composite has been reported in a previous study [29] .
The Ionic Conductivity of the Composite Electrolyte 1The ionic conductivities of the composite electrolyte in three different atmospheres (air, dry O 2 and wet 5 % H 2 -Ar) as function of temperature are shown in Fig. 2 . It is to be noted that since the bulk and grain boundary contributions cannot be separated, only the total conductivity was plotted. As can be seen, the ionic conductivities of the composite electrolyte increase with increasing the operating temperature in all atmospheres. In addition, it can be clearly noticed that the conductivities changed at two different regions: below and above~400°C, which is the melting point of the ternary carbonate ((Li/Na/ K) 2 CO 3 ) [31] . This conductivity jump phenomenon above the carbonate melting point has also been observed for doped ceria-ternary carbonate composite (SDC-(Li/Na/ K) 2 CO 3 ) [32] , doped ceria-binary carbonate composite (e.g. SDC-or GDC-(Li/Na) 2 CO 3 ) [33, 34] and nonceria-binary carbonate composite (e.g. LiAlO 2 -or LSGM-(Li/Na) 2 CO 3 ) [35, 36] . Within the temperature range 600-400°C, the total conductivities were 0.215-0.048, 0.218-0.037 and 0.217-0.047 S cm −1 in air, dry O 2 and wet 5 % H 2 -Ar, respectively.
It is well known that LiAlO 2 is an insulator [35] ; therefore, the ionic conduction in LiAlO 2 -carbonate composite is likely to be due the carbonate plus the composite effect. The apparent activation energies (E a ) of the composite electrolyte at high temperature (600-400°C) under different atmospheres were extracted from the slope of each series of points in the Arrhenius plots of conductivity, as shown in the inset of Fig. 2 . The activation energies were found to be 0.35 (5) eV, 0.37(9) eV and 0.45(7) eV for the composite electrolyte in air, dry O 2 and wet 5 % H 2 -Ar, respectively. As mentioned above, enhancement in the ionic conductivities has been observed above the melting point of the ternary carbonate. At high temperature, the ternary carbonate in the composite will melt, which greatly enhances the mobility of both anions and cations, leading to superionic conduction. This means that all mobile ions (i.e. Li + , Na + , K + , O 2 − , H + , HCO 3 − and CO 3 2 − ) contribute to the overall measured ionic conductivity [35] . However, it has been demonstrated that, during the electrolysis, only H + and O 2 − are transported through the doped ceria-carbonate composite electrolyte, depending on the mode of operation (i.e. H + or O 2 − conduction in the electrolyte) and the other mobile ions (i.e. Li + , Na + , K + , HCO 3 − and CO 3 2 − ) are blocked at the electrodes [37] . A similar behaviour is expected in the case of electrochemical synthesis of ammonia in an electrolytic cell based on LiAlO 2 -carbonate composite electrolyte in Fig. 1 Powder X-ray diffraction pattern of Co 3 Mo 3 N after nitridation which only protons will be transported through the electrolyte, whereas other mobile ions will be blocked.
At low temperature (375-300°C), the ionic conductivities of the composite electrolyte dropped significantly and were found to be 0.005-4.653 × 10 Ar, respectively. This could be due to the fact that the conducting ions are less mobile below the melting point of the carbonates, leading to low ionic conductivities in this region. It should be noted that, below the carbonate melting point, the conductivities of the composite electrolyte in wet 5 % H 2 -Ar were higher than those obtained in air and dry O 2 . This could be due to the fact that proton conduction can be easily activated at low temperature compared to oxygen ion conduction [37, 38] . In addition, the steam in wet 5 %H 2 /Ar might diffuse into the interfaces in LiAlO 2 -(Li/Na/K) 2 CO 3 composite and facilitate the transfer of protons, resulting in enhanced proton conductivity. At a temperature above 400°C, the conductivity of the composite is dominant by the CO 3 2− ionic conduction; thus, the effect of proton conduction is not significant. Thus, the conductivity of the composite is at similar level at different atmospheres when the temperature is above 400°C. It has been reported that the conductivity enhancement of the composites or two phase system occurs via the interface at which the ionic transport is fast [39] unlike doped ceriacarbonate composite electrolytes (e.g. SDC-carbonate) in which O 2 − could be conducted through both the SDC phase and the interface between the two phases. LiAlO 2 is not an oxygen ion conductor, and the O 2 − conduction in the LiAlO 2 -(Li/Na/K) 2 CO 3 composite is likely to occur only through the interface between the two phases (i.e. LiAlO 2 and carbonate). This indicates that the O 2 − conduction mechanism in LiAlO 2 -carbonate composite is different from that in the doped ceria-carbonate composite electrolytes [35] . On the other hand, the H + conduction in the LiAlO 2 -(Li/Na/K) 2 CO 3 composite is similar to that of doped ceria-carbonate composites, which are believed to occur through the interface between the two phases (i.e. the oxide and carbonate). In an H 2 -containing atmosphere, some bicarbonates (HCO 3 − ) may be formed through the reaction between the carbonates (CO 3 2 − ) and H 2 . Thus, protons may be transported between CO 3 2 − ions in the form of HCO 3 − , which may lead to proton conduction [35, 38, 40] . Figure 3 shows the electrolytic cell performance stabilities during the synthesis of ammonia at different temperatures (400-450°C) with an applied voltage of 0.8 V for an electrolytic cells based on Co 3 Mo 3 N-Ag composite cathode. It was noticed that the cell demonstrated almost stable performance at all investigated temperatures. At low operating temperature (400°C), the generated current density decreased significantly during the first 60 min, after which, an almost stable current was generated. This could be attributed to the blocking effects which have been observed in the oxide-carbonate composite materials [17, 41] . Under applied dc voltage, the cations such as Li + , Na + and K + ions may transfer to the cathode side, forming a positive charged layer on the electrolyte side on the electrolyte/cathode interface. This positively charged layer may partially block the transfer of H + ions leading to reduced current density. At a higher operating Fig. 2 The AC conductivity plot against temperature of LiAlO 2 -(Li/Na/K) 2 CO 3 composite electrolyte in air, dry O 2 and wet 5 % H 2 -Ar temperatures (425 and 450°C), the electrolytic cell exhibited a stable performance and generated almost the same current density (~3.2 mA/cm 2 ). It should be noted that two depressed semicircles were observed, suggesting that there are at least two electrode processes. The impedance data were fitted using Zview software with an equivalent circuit model of the type LRs(R1CPE1) (R2CPE2), as shown in Fig. 4b . Here, L represents the inductance caused by the equipment and wire connections, and Rs is the series resistance, which comprises the resistances of the electrolyte, electrode materials and the contact resistance at the electrode/electrolyte interfaces; the two components (R1CPE1) and (R2CPE2) in series are associated with the electrode processes at high and low frequency arcs, respectively. R1 and R2 represent the polarisation resistance while CPE is a constant phase element which represents a non-ideal capacitor (C). The characteristic capacitances for the high frequency semicircles (HF) were found to be in the range of 10
Synthesis of Ammonia at Different Temperatures
, which could be attributed to the charge transfer processes at the electrode/electrolyte interface. The low frequency semicircle (LF) with the associated capacitances of 10 −4 -10 −2 F/cm 2 could be ascribed to the mass transfer processes at the electrode [42] [43] [44] [45] . In addition, the Rs resistance, which is mainly related to the ohmic resistance of the electrolyte, decreased significantly when increasing the cell-operating temperature from 400 to 450°C. This could be attributed to the enhancement in the ionic conductivity of the composite electrolyte at increased operating temperature. With increasing the operating temperature of the electrolytic cell, there was also a significant decrease in the total polarisation resistance (Rp), which is the sum of R1 and R2. This could be due to the improvement in the electrochemical process of both cathode and anode at elevated temperatures. Figure 5 shows the effect of cell-operating temperature on the ammonia formation rate in electrolytic cell based on Co 3 Mo 3 N-Ag composite cathodes. This effect was investigated by varying the operating temperature (400-450°C) and keeping the cell voltage at constant value of 0.8 V over a period of 2 h. The ammonia produced in the cathode chamber was absorbed by 25 ml of diluted sulphuric acid. The colour immediately changed to yellow when Nessler's reagent was added into the H 2 SO 4 solution after ammonia collection. This indicates that NH 4 + is present in the absorbed solution, and thus, ammonia was successfully synthesised. As can be seen from Fig. 5 , the ammonia formation rate decreased slightly when the operating temperature was raised from 400 to 425°C. Moreover, a significant increase in the rate of ammonia formation was obtained by further increasing the temperature to 450°C. The maximum rate was found to be 3.27 × 10 −10 mol s −1 cm −2 at 450°C at which the generated current density and the corresponding Faradaic efficiency were 3.21 mA/cm 2 and 2.95 %, respectively. This increase in the ammonia formation rate at increased cell-operating temperature could be attributed to the increased catalytic activity of Co 3 Mo 3 N. The other possibility is that the catalytic activity of nitride catalyst increases at higher temperatures. The obtained NH 3 formation rate is, in general, one order of magnitude lower than the one reported by Li et al. [46] ) when Ag-Pd alloy was used as cathode catalyst, indicating that the catalytic activity of Co 3 Mo 3 N is relatively lower than that for Pd. Ag was also used as conducting component in the Ru/MgO cathode for electrochemical synthesis of ammonia from N 2 and H 2 O [47] . The low observed ammonia formation rate indicates that the catalytic activity of Ag on ammonia synthesis is very low. It can be also seen from Fig. 5 that the Faradaic efficiency decreased from 1.57 % (2.53 mA/cm 2 ) to 0.95 % (3.24 mA/cm 2 ) with an increase in the operating temperature from 400 to 425°C. With further increase in operating temperature (450°C), the Faradaic efficiency increased and reached a value of 2.95 % at a current density of 3.21 mA/cm 2 . These low Faradaic efficiencies indicate that not all protons transported through the electrolyte to the cathode surface reacted with the adsorbed N 2 to form ammonia. This means that competitive hydrogen evolution reaction (HER) is the predominant process over the cathode surface [13, 48, 49] . It has been reported that the decomposition of Co 3 Mo 3 N may lead to the formation of impurities Mo 2 N and Co [27] . The existence of Mo 2 N and unknown impurity in our catalyst may also lead to reduced catalytic activity, thus lowering ammonia formation rates when used as electrocatalyst.
Synthesis of Ammonia at Different Applied Voltages Figure 6 shows the performance of the electrolytic cell at 450°C at different applied voltages (0.4-1.2 V). It can be seen that the current is quite stable after a period of stabilising time. It could be explained that this increase in the current density with the voltage could be due to more protons being transported to the cathode [29] . However, the decrease in current was observed when a voltage of 1.2 V was applied, indicating that the ion blocking effects become more significant at higher applied voltage [17, 41] . At higher applied voltage, the positively charged layer due at the electrolyte/ cathode interface due to the accumulation of Li ions will be thicker which may partially block the transfer of protons, leading to reduced current density. The effect of the applied voltages on the ammonia formation rate was investigated by keeping the cell-operating temperature at 450°C and varying the applied voltage from 0.4 to 1.2 V. As shown in Fig. 7 , the ammonia formation rate increased significantly with the increase in the applied voltage. The maximum rate was obtained when the electrolytic cell operated at 0.8 V (3.27 × 10 −10 mol s −1 cm
−2
). However, at a voltage above 0.8 V, the rate decreased markedly and reached the minimum value when 1.2 V was applied. This decrease in the rate of ammonia formation at higher applied voltage might be due to the competitive adsorption between the N 2 and H 2 over the cathode surface [48, 49] . At high applied voltage, the current was also higher leading to high hydrogen evolution speed at the cathode. This will prevent the diffusion of N 2 onto the cathode surface to react with protons forming ammonia. It can be also seen from Fig. 7 that the Faradaic efficiencies decreased significantly with an increase in applied voltage. The maximum Faradaic efficiency of 3.83 % was attained when 0.4 V was imposed through the electrolytic cell. These low current efficiencies indicate that the hydrogen evolution reaction (HER) is the dominant process over the cathode surface [48, 49] .
Conclusion
Cobalt molybdenum nitride (Co 3 Mo 3 N) was synthesised by ammonolysis and characterised by XRD and SEM. The ionic conductivity of the composite electrolyte was investigated under three different atmospheres (air, O 2 and 5 % H 2 -Ar). The ionic conductivity of the composite electrolyte (LiAlO 2 -carbonate) was in the range of 0.22-10 −5 S/cm with the measured temperature of 600-300°C. The electrochemical synthesis of ammonia was investigated in electrolytesupported cell using LiAlO 2 -carbonate composite as an electrolyte, Co 3 Mo 3 N-Ag composite as a cathode and Ag-Pd alloy as an anode. The maximum rate of ammonia formation was found to be 3.27 × 10 −10 mol s −1 cm −2 at 450°C and 0.8 V. The catalytic activity of Co 3 Mo 3 N for electrochemical ammonia synthesis is lower than that of Pd. The successful synthesis of ammonia demonstrates that LiAlO 2 -(Li,Na,K) 2 CO 3 composite exhibits protonic or/ and oxygen ion conduction.
